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The detailed evolution of the magnitude of the local Jahn-Teller (JT) distortion in
La1−xCaxMnO3 is obtained across the phase diagram for 0 ≤ x ≤ 0.5 from high quality neutron
diffraction data using the atomic pair distribution function (PDF) method. A local JT distortion is
observed in the insulating phase for all Ca concentrations studied. However, in contrast with earlier
local structure studies its magnitude is not constant, but decreases continuously with increasing Ca
content. This observation is at odds with a simple small-polaron picture for the insulating state.
PACS numbers: 61.12-q,71.38.-k,75.47.Lx,75.47.Gk
Doped transition metal oxides are of fundamental in-
terest for their electronic properties that exhibit various
types of colossal responses such as high-temperature su-
perconductivity, colossal magnetoresistance (CMR) and
ferroelectricity [1], which are still not fully understood.
A recent concept that may be relevant for many of these
systems is the observation of nanoscale inhomogeneities
that are thought to be intrinsic. These can take the form
of nanoscale checkerboard- [2, 3] or stripe-patterns [4], or
less ordered structures [5, 6, 7, 8] that are related to elec-
tronic phase separation. Phase separation is also found
theoretically in computational models, which have been
used to explain the large changes in conductivity with
temperature and doping [9]. However, the ubiquity and
fundamental importance of electronic inhomogeneities to
the colossal effects is not completely established [10].
For example, local-probe experiments where no electronic
inhomogeneities are observed have been made on sam-
ples that show a colossal response [11, 12] and some ob-
served inhomogeneities have been related to disorder in
the chemical dopant ions [13].
One approach for establishing a correlation between
inhomogeneities and electronic properties is to study the
complete phase diagram of interesting systems. We set
out to examine the local structure of the La1−xCaxMnO3
(LCMO) manganite family. This is an archetypal system
for such studies because of the strong electron-phonon
coupling, through the JT effect, resulting in a large struc-
tural response to electronic phase separation. We probe
this using the atomic pair distribution function (PDF)
measured from neutron powder diffraction data. The sig-
nature of the metallic phase in local structural probes is
the absence of a JT long-bond [14, 15]. When the charges
are localized in a polaronic insulating phase the JT long-
bond is seen [14, 15, 16, 17, 18]. A two phase fit of an
undistorted and distorted phase to the low-r region of
the PDF can thus yield a quantitative measure of the
phase fraction of each phase as a function of T and x
in the system La1−xCaxMnO3 [19]. Unexpectedly, we
found that the length of the Jahn-Teller long-bond in the
insulating phase decreases continuously with increasing
doping in this system, contrary to the canonical under-
standing [17, 18, 20, 21]. Here we report for the first
time extensive, high real-space resolution PDF data as
a function of temperature and doping from 0 ≤ x ≤ 0.5
on well characterized samples in the La1−xCaxMnO3 sys-
tem using new high resolution, high-throughput, time-of-
flight neutron diffractometers. We rule out the existence
of fully JT distorted long bonds at 2.16 A˚ in the CMR
compositions that would be expected in a simple single-
site small-polaron scenario for the phase above Tc. The
smooth continuous decrease in the length of the JT long-
bond is most easily explained in a delocalized or large
polaron picture.
A series of 13 powdered LCMO samples with com-
positions spanning 0 ≤ x ≤ 0.5 range were prepared
using standard solid state synthesis methods, and an-
nealed to ensure oxygen stoichiometry [22] and charac-
terized by resistivity and magnetization measurements.
Two additional finely pulverized single crystal samples
(x = 0.075, 0.1), grown by the floating zone method uti-
lizing image furnace, were also used to increase coverage
of the phase space under the study. Neutron powder
diffraction measurements were carried out at the GEM
diffractometer at the ISIS facility at the Rutherford Ap-
pleton Laboratory in the UK and at the NPDF diffrac-
tometer at Los Alamos Neutron Scattering Center at Los
Alamos National Laboratory. The samples, of approxi-
mately 6 grams each, were loaded into extruded vana-
dium containers and sealed under He atmosphere. The
data were collected for all the samples at a consistent
set of 7 temperatures between 10 K and 550 K using a
2FIG. 1: Open circles are the G(r) of x = 0.22 sample at 10 K,
solid red line is the calculated G(r) from the crystal structure
model. The difference curve is shown offset below.
closed cycle He refrigerator. The data were processed to
obtain PDFs [23] using the program PDFgetN [24] by a
sine Fourier transform of the total scattering structure
function F (Q) up to a value of Qmax of 35 A˚
−1. This
high Qmax, coupled with the good statistics from GEM
and NPDF, result in high-quality PDFs with minimal
spurious low-r ripples and negligible termination ripples,
as evident in Fig. 1. The PDF analysis reported here
involves both direct data evaluation and structural mod-
eling using the program PDFFIT [25]. Results of com-
plementary average crystal structure modeling, carried
out using the program GSAS [26], are also presented.
All refinements were carried out using the O or O′ struc-
tural models in the Pbnm space-group with isotropic dis-
placement parameters [27]. Our analysis does not address
the ordering of localized charges such as observed in the
charge ordered state at x = 0.5 [28].
The results of the average crystal structure evaluation
is summarized in Figs. 2(a) and 3. In the orthorhom-
bic O-phase [29], the local JT distortion amplitude (the
length of the JT long-bond) is the same as the aver-
age long range ordered value. The distortion is constant
with temperature for fixed Ca content, but decreases lin-
early with increasing Ca content. Upon crossing into the
pseudo-cubic O′ phase, the average JT distortion disap-
pears abruptly (Fig 2(a) and 3). However, this effect is
accompanied by the anomalous increase of the isotropic
thermal parameters on oxygen sites, Fig 2(d). This is
consistent with the understanding that the pseudo-cubic
O′ phase in the insulating state consists of orbitally dis-
ordered, JT distorted, octahedra [30, 31], and that this
picture can be extended to finite doping. In the ferro-
magnetic metallic (FM) phase, the Rietveld refined JT
long-bond disappears, but there is no significant enlarge-
ment of the refined oxygen thermal parameter showing
that the local JT long-bond is also absent [14]. Struc-
tural refinements to the PDF data over a wide range of r
(rmax = 20 A˚) mimic the Rietveld results rather closely
(Fig. 2(b) and (e)). This shows that the average struc-
ture result is already obtained for a PDF refinement over
a 20 A˚ range, suggesting that the size of local orbital
FIG. 2: Contour plot of the JT distortion (long Mn-O dis-
tance) in (x,T) parameter space as obtained from (a) Rietveld
analysis, and PDF analyses over (b) 20 A˚ and (c) 6 A˚ ranges,
respectively. Contour plot of the isotropic displacement pa-
rameter of oxygen, Uiso(O2) in Pbnm setting, as obtained
from (d) Rietveld analysis, and PDF analyses over (e) 20 A˚
and (f) 6 A˚ ranges. In all the panels the solid curves indicate
TJT and Tc phase lines, while dotted vertical lines indicate
IM phase boundaries, as determined from the sample charac-
terization measurements.
ordering correlations is limited to this range.
The size and shape of the local MnO6 octahedra can
be obtained by fitting the PDF over a narrow r-range of
6 A˚. The length of the local long Mn-O bond has been
obtained for all compositions and temperatures studied,
and is shown as a contour plot in Fig. 2(c). The color-
scale has been set such that a fully shortened long-bond
of 1.96 A˚ shows up as black. The presence of color there-
fore indicates a finite local JT distortion. There is a strik-
ing resemblance between the contour plot of the local JT
long-bond in Fig. 2(c) and the electronic phase diagram
of this manganite that is superimposed. The position of
the phase transition lines were verified from magnetiza-
tion and resistivity measurements of the samples used in
this study.
Firstly we note that the local JT distortion is present in
the entire insulating part of the phase diagram, but that
it is effectively removed for the metallic compositions at
lowest temperatures. Secondly, it is seen that the mag-
nitude of the local JT distortion has a relatively strong
doping dependence at lower Ca-concentrations, with the
bond length vs. concentration curve flattening at higher
Ca doping levels.
Selected constant temperature cuts are shown in
Fig. 3(a)-(c), for 550 K, 310 K, and 10 K respectively.
3FIG. 3: Length of the longest Mn-O distance in the MnO6
octahedron vs doping at (a) 10 K, (b) 250 K, and (c) 550 K.
Open squares denote Rietveld result, solid squares and solid
circles show results of PDF refinements over 20 A˚ and
6 A˚ ranges, respectively. Sloping dashed lines denote Ve-
gard’s law [32] behavior for Mn-O long bond interpolating
between the values for LaMnO3 and CaMnO3. Dashed ver-
tical lines mark the IM transition, while the dotted vertical
lines denote the orthorhombic to pseudocubic phase transi-
tion. The insets reproduce Fig. 2(c) showing the temperature
of the data shown in the panel. Symbols indicate measured
compositions.
The square symbols show the behavior of the average
structure. The JT long-bond decreases with doping in
the orbitally ordered O-phase, but then abruptly short-
ens at the structural phase transition, indicated by the
dotted line in the figure. In contrast, the local JT bond
is insensitive to the structural transition, but disappears
abruptly when the sample goes through the insulator-
metal (IM) transition. This is consistent with the widely
held current view [14, 15]. What is less expected is the
observation that the length of the local JT-long bond
shortens with increasing doping in the insulating state.
In a single-site small polaron picture the insulating state
consists of distinct Mn3+ and Mn4+ sites. The 4+ sites
are presumed to have regular, undistorted, MnO6 octa-
FIG. 4: Experimental PDFs, G(r), of x=0.18 (solid line) and
x=0.22 (dashed line) samples at (a) 10 K and (b) 190 K, with
difference curves underneath. Both datasets are in the insu-
lating phase in (b) but straddle the IM boundary in (a). A JT
long bond appears in the insulating phase but is shorter than
that in the undoped endmember, indicated by the vertical
dashed lines. (c) and (d) show representative rmax=6 A˚ PDF
fits (solid lines) to the 10 K data (open circles) shown in (a).
Difference curves are offset below.
hedra and the 3+ sites to be JT distorted with 2.16 A˚
long bonds, as in the undoped LaMnO3 endmember, and
this was supported by experimental evidence [15, 17, 18].
We investigate these refinement results in greater detail
below.
Fig. 4 shows some representative PDF data bracketing
the IM transition. We show the nearest neighbor dou-
blet of the PDF from La1−xCaxMnO3 with x = 0.18
and x = 0.22. The former sample remains in the insu-
lating state at all temperatures; the latter is a ferromag-
netic metal below ∼ 180 K, and paramagnetic insula-
tor at higher temperature. Thus, a comparison of the
curves in Fig. 4(b) shows the effect of changing compo-
sition without crossing the IM transition. The changes
are very small. In Fig. 4(a) the MI is crossed at con-
stant temperature. The changes to the nearest-neighbor
doublet on crossing the MI transition are evident with
a sharp, single-valued peak giving way to a peak with
a well-defined shoulder on the high-r side. This is the
appearance of the JT long-bond in the insulating phase.
Notable, however, is the absence of intensity at the po-
sition of the undoped JT-long bond at r = 2.16 A˚, indi-
cated by a vertical dashed line in the figure. This clearly
shows the absence of any fully distorted JT octahedra
in the structure. The difference curve in Fig. 4(a) also
shows the appearance of intensity on the low-r side of the
shortest bond in the insulating phase. Fig. 4(c) and (d)
shows the model fits to the metallic and insulating PDFs,
giving a sense of the quality of fits to the local PDF that
4were obtained in our determination of the phase diagram
in Figs. 2 and 3.
The main result of the current study is the clear
demonstration of an absence of any Mn-O long-bonds of
the fully JT distorted 2.16 A˚ length in the doped samples,
as would be expected in a simple-minded small-polaron
picture. Our result disagrees with the canonical under-
standing from earlier experimental studies [15, 17, 18],
though is consistent with the observations of a number
of less well known studies [33, 34]. The observation could
be explained in a homogeneous picture where the electron
density is uniformly distributed over all Mn sites in the
insulating state. In this case, the electron density in the
orbitals, and therefore the driving force for the JT distor-
tion, decreases continuously with increasing hole doping.
It is harder to explain in a small-polaron picture where
localized Mn4+ sites exist in a fully-distorted Mn3+ back-
ground. In this scenario, one source of long-bond short-
ening could be elastic strain in the lattice because of the
disordered polarons. This is unlikely to explain our ob-
servation. The energy scale for octahedral rotations is
much smaller than for stretching the covalent bonds [35]
and most elastic strain accommodation is expected to oc-
cur in the octahedral rotations. This is indeed the case
when orbital disorder sets in at constant doping as a func-
tion of temperature [30]. Also, we note that there is a
negative deviation from Vegard’s law [32], indicated by
the dashed line in Fig. 3, in the average length of the
long-bond. Elastic relaxation in covalently bonded alloys
analogous to the manganites results in a characteristic
Z-plot [36, 37] of bond-length vs. composition that is
clearly not seen here. A principle strain relaxation mode
through octahedral rotations is also indicated by enlarged
Uiso values in the insulating region of the phase diagram,
as evident in Fig. 2(d). We also note that oxygen K-edge
spectroscopy indicates an increasing importance of oxy-
gen ligand hole states with doping [38, 39], indicating a
clear change in the local electronic structure induced by
doping.
It is not possible from our current data to tell unam-
biguously whether or not the sample is phase separated
into metallic and insulating regions. Phase separation
would imply a transfer of intensity from the position of
the long-bond to that of the short-bond. What we show
here is that the length of the long-bond decreases with
doping. The long-bond starts to overlap with the short-
bond at higher doping making an extraction of the in-
tegrated area of the peak uncertain. However, we note
that modeling the local structure with a homogeneous
model in Pbnm setting as we have done, with 4-short
and 2-long bonds at all doping levels in the insulating
region, results in rather good fits as evident in Figs. 1
and 4(d). Enlarged oxygen Uiso values around x = 0.18
are evident in Fig. 2(d)-(f) where phase separation has
been observed [40].
In summary, we have presented the most complete and
highest quality neutron PDF measurements of the cubic
La1−xCaxMnO3 phase over a wide range of temperature
and doping up to 50%. The data clearly indicate that the
local JT distortion decreases in magnitude smoothly and
continuously with doping in the insulating phase. This
cannot be easily explained in the canonical small-polaron
picture and calls for a theoretical explanation.
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